Use of natural pozzolan is growing rapidly in the construction industry due to its economical, ecological and technical benefits. However, they are often associated with shortcomings such as the need to moist-curing for longer time and a reduction of strength at early ages. Syria is relatively rich in volcanic scoria. The objective of the study is to investigate the effect of Blain fineness of cement on the strength development of scoria-based cement mortars. In the study, mortar specimens have been produced with four types of cement: one plain Portland cement (control) and three scoria-based blended cements with three replacement levels: 25, 30% and 35%, respectively. All blended cement types have been interground into four different Blaine fineness: 2400, 3200, 4200 and 5100 cm 2 /g. The development of the compressive and flexural tensile strength of all mortar specimens with curing time has been investigated. The effects of the Blaine fineness of the scoriabased blended cement on the compressive and flexural strengths of mortar have been evaluated at curing ages of 2, 7, 28 and 90 days, respectively. Test results revealed that there is a decrease in strength with increasing amounts of scoria. In addition, there was found an increase in strength with increasing the Blaine fineness values. Good correlations between mechanical strengths and Blaine fineness have also been observed at different curing times. Further, based on the results obtained, an empirical equation was derived to predict the mechanical strengths of scoria-based cement mortars with curing times based on Blaine fineness. Effects of Blaine fineness on some physical properties of blended cements have been reported, as well.
The cement produced in the country is almost of CEM I, although an addition of natural pozzolan up to 5% was frequently used in most local cement plants. Hence, less than 300 000 tonnes of these pozzolans are only exploited annually (the annual production of Portland cement in Syria is about 6 million tonnes) (GOCBM, 2012 ).
This study is part of the first detailed research in Syria to investigate the potential utilization of scoria as cement replacement in producing Portland-pozzolan cements. In the study, in order to better understand the influence of Blaine fineness on mechanical strength of scoria-based cement mortars, compressive and flexural strengths experimentally have been investigated using four Blaine fineness values of 2400, 3200, 4200 and 5100 cm 2 /g, respectively. Furthermore, relationships between Blaine fineness and the development of mechanical strength of scoria-based cement mortars with different curing times have been analyzed in this paper. Some physical properties of the studied blended cements have also been reported.
The study is of particular importance not only for the country but also for other countries of similar geology, e.g. Harrat Al-Shaam, a volcanic field covering a total area of some 45 000 km 2 , third of which is located in Syria. The rest coves parts from Jordan and Saudi Arabia.
The basic premise of the study is that producing finer blended cements containing high levels of scoria may overcome the low early strength of such cement. Further, such application would be of a great importance to both economy and ecology. An equation to estimate the mechanical strength of such kind of blended cement depending on the Blaine fineness value and the scoria content has also been derived.
Scoria
The volcanic scoria used in the experiments was quarried from Dirat-at-Tulul site, at about 70 km southeast of Damascus as shown in (Fig.1) . The mineralogical analysis showed the scoria is mainly composed of amorphous glassy ground mass, vesicles, plagioclase and olivine with the following percentages (based on an optical estimate): 20%, 35%, 20% and 25%, respectively. Thin sections of the investigated scoria are shown in (Fig. 2) . The chemical analysis of scoria used in the study is summarized in (Table 1) .
Materials and Methods

51
Journal of Sustainable Architecture and Civil Engineering 2015/4/13
Cement samples
Four cement samples have been prepared; one plain Portland cement CEM I (control) and three CEM II/B-P samples with three replacement levels of 25, . 5% of gypsum was added to all these binder samples. These replacement levels of scoria have been adopted because they
Fig.1
Map of Harrat Al-Shaam, photos of the studied site and the used scoria aggregate: a. Map of the volcanic area "Harrat Al-Shaam" and the studied site b. The studied scoria quarry, some volcanic scoria cones are shown behind. c. The studied scoria aggregate improved durability-related properties of concrete significantly (al-Swaidani & Aliyan, 2015) . The clinker was obtained from Adra Cement Plant, Damascus, Syria. All samples were interground by a laboratory grinding ball mill of 25 kg raw mix capacity into four Blaine fineness values: 2400, 3200, 4200 and 5100 cm 2 /g. The intergrinding process has been adopted because it requires less energy than separate grinding, especially for the production of high fineness products (Binici et al. 2007 ). The Blaine fineness was measured using air permeability method in accordance with the European standard . The principle is to measure the resistance to air flow through a compact bed of cement powder. The chemical and physical properties of the cement samples produced for this study are shown in (Table 1) and (Table 2) , respectively. CEM I (the control sample) was designated as C1, whereas scoria-based cements were designated according to the replacement level. For instance, C2/25% and C4/35% refer to the blended cements containing 25% and 35% of scoria, respectively.
Cement mortars
The mortar specimens of all cements used in the experiments were prepared using these cements and sand meeting the requirements of ASTM C778. The sand used is standard Ottawa sand; bulk density=1.6 g/cm 3 , Fineness modulus=2.1. In all mixtures, binder: sand ratio was kept constant as 1:2.75 by weight. Mixture containing CEM I was prepared with a w/b ratio of 0.485. Mixtures containing scoria-based binder were prepared by changing the w/b ratio in order to obtain a flow within±5 of that of the CEM I mortar. After being kept in a wet cabinet for 24 hours, the mortar specimens were demolded and kept in water at 20±2 o C until the time of testing. . In addition, it has a strength activity index with PC higher than the values specified in ASTM C618. The chemical properties of scoria-based blended cements are also in conformity with the standards requirements (ASTM C595). Their contents of MgO and SO 3 are less than 6 and 4%, respectively. The loss on ignition is also less than 5% as specified in ASTM C595.
Physical propreties of cements used
Water requirements
The results of water requirements are presented in (Table 2 ). Finer scoria-based blended cements have a greater water demand. The smaller the material particle size is the more water the material may absorb (due to the large surface area) (Jaya et al., 2011) . This agrees with the well-known fact of finer particles requiring a greater amount of water to produce a given workability (Walker & Pavia, 2011) . However, as it can been seen from ( Table 2) , there is no significant change in the water content even for the blended cement containing 35% of scoria content which increased only by less than 5% when compared to C1/CEM I, for the same Blaine fineness value. This could be explained by the lubricant effect of scoria on paste when finely divided (Yetgin & Cavdar, 2006) .
Results and Discussion
Setting times
Knowledge of the setting characteristics of cement paste is rather important in the field of concrete construction. The setting behavior of a cement paste plays an important role in determining the time available for placement, consolidation, finishing, and form removal. Table 2 illustrates the setting times of the control mortar and mortars containing scoria-based blended cements for all Blaine fineness values. The results showed that the setting times increased with the increase of scoria replacement level for Blaine fineness values of 2400 and 3200 cm 2 /g. The effect is more pronounced when the scoria content is used at 35% as cement replacement. For example, the highest retardation of the initial & final setting times at this percentage were 177 min and 211 min for 2400 cm 2 /g and 158 min and 188 min for 3200 cm 2 /g, respectively. This could be due to the pozzolanic reaction between pozzolan and CH liberated during hydration of C 3 S and C 2 S of clinker, which is usually slower than the hydration of cement (Adesanya & Raheem 2009) . Some researchers related the delay in setting times when using natural pozzolan with the increase of water requirements (Colak 2003) .
On the contrary, scoria-based blended cements with 4200 and 5100 Cm 2 /g Blaine fineness values showed a quit different trend. The setting times decreased with increasing the scoria replacement level. This behavior is difficult to explain by authors, but according to some authors this may be attributed to a set of reasons as follows: a) the increasing surface area of scoria content of the paste results in greater interparticle contact, thus speeds up setting (Targan et al. 1995) , b) the hydration reaction of pozzolan blended cement is diffusion-controlled (Plowman & Cabrera, 1984) . Blaine fineness values of 4200 and 5100 cm 2 /g with scoria content of 25% up to 35% might had accelerated diffusion of water and dissolution of C 3 A, and increased the transition of Ca 2+ ion into soluble state in water, thus the crystallization rate of CSH s increased and the setting time was shortened (Sidheswaran & Bhat, 1997) . Furthermore, a similar trend has been reported by other researchers for Blaine fineness value of 4200 cm 2 /g and relatively high cement replacement levels (Ghrici et al. 2006) . The natural pozzolan used in their experiments was of a chemical composition similar to that of the investigated volcanic scoria.
It is also clearly seen from the results obtained that for the same replacement level, the initial setting times were reduced with the gradual increase in Blaine fineness values. For instance, C30 with 2400 cm 2 /g Blaine fineness had the initial setting time of 176 min and with 5100 cm 2 /g Blaine fineness it had shorter initial setting time which was only 105 min. This seems to be in a well agreement with the literature (Uzal & Turanli, 2003; Hago et al., 2002) . Further, the longer initial setting time at lower Blaine fineness values may be due to the relatively coarser clinker particles in the interground blended cements (Tsivilis et al., 1992) .
It is worthwhile to mention that from the results obtained, all the scoria-based binders are seen to comply with the standard requirements (initial setting time ≥45 min and final setting time≤420 min, according to (ASTM C595) for all Blaine fineness values.
A plot of the initial setting time against the final setting time for the whole tested samples as shown in (Fig. 3) indicates that there is a strong correlation between the parameters as the coefficient of correlation (R 2 ) was calculated to be 0.94. A strong relationship exists between two variables when R 2 ≥0.85 (Montogomery 1982) . Thus, an estimate of the final setting time can be predicted from the Eq. (1) when the initial setting time has been obtained. 
Volume expansion
CaO and MgO compounds that exist freely in cement may create a swelling effect and therefore their presence should be limited. Since the free lime ratio will decrease as the natural pozzolan addition ratio increase, a decrease in the soundness can be expected. Results of the experiments conducted to see these effects are presented in (Table 2) . estigated pastes Table 2 ).
samples having higher amounts of scoria show a noticeable drop compared to the control, particularly with 4200 and 5100 cm 2 /g Blaine fineness, which shows that finer scoria-based cement can make an important contribution to concrete durability. Interpretation of these results needs further investigation, although all soundness results were much less than 10 mm as specified in EN 197-1.
Mechanical strengths of mortars 3.3.1. Compressive strength
The compressive strength results of all mortar mixes containing varying amounts of scoria are arranged in (Table 3) . As expected, all mortars, with and without scoria show an increase in strength with curing time. Mortar specimens containing CEM I have higher compressive strengths at any age when compared to scoria-based cement mortars. Also, it is seen that as the scoria replacement level increases as the compressive strength of scoria-based cement mortars decreases for all curing times. For instance, the compressive strength of cement mortars with 3200 cm 2 /g Blaine fineness at 7 days decreased from 30.57 to 19.99 MPa when CEM I and C4/35% were used, respectively. This could be explained by the slowness of the pozzolanic reaction between the glassy phase in scoria and the CH released during cement hydration. However, due to the continuation of this reaction and the formation of a secondary C-S-H, a greater degree of hydration is achieved resulting in strengths after 90 days curing which are comparable to those of CEM I specimens (al-Swaidani & Aliyan, 2015). It should also be noted that the reductions in strengths of blended cement mortars were considerable at 2, 7 and 28 days; however, the difference narrowed by the age 90 days due to progress According to the experimental results, soundness decreases as the scoria content increase. The volume expansions of samples having higher amounts of scoria show a noticeable drop compared to the control, particularly with 4200 and 5100 cm 2 /g Blaine fineness, which shows that finer scoria-based cement can make an important contribution to concrete durability. Interpretation of these results needs further investigation, although all soundness results were much less than 10 mm as specified in EN 197-1.
Mechanical strengths of mortars
Compressive strength
The compressive strength results of all mortar mixes containing varying amounts of scoria are arranged in (Table 3) . As expected, all mortars, with and without scoria show an increase in strength with curing time. Mortar specimens containing CEM I have higher compressive strengths at any age when compared to scoria-based cement mortars. Also, it is seen that as the scoria replace-Journal of Sustainable Architecture and Civil Engineering 2015/4/13 ment level increases as the compressive strength of scoria-based cement mortars decreases for all curing times. For instance, the compressive strength of cement mortars with 3200 cm 2 /g Blaine fineness at 7 days decreased from 30.57 to 19.99 MPa when CEM I and C4/35% were used, respectively. This could be explained by the slowness of the pozzolanic reaction between the glassy phase in scoria and the CH released during cement hydration. However, due to the continuation of this reaction and the formation of a secondary C-S-H, a greater degree of hydration is achieved resulting in strengths after 90 days curing which are comparable to those of CEM I specimens (al-Swaidani & Aliyan, 2015) . It should also be noted that the reductions in strengths of blended cement mortars were considerable at 2, 7 and 28 days; however, the difference narrowed by the age 90 days due to progress of the pozzolanic reaction with age in blended cements. For instance, the compressive strength of C2/25% with 3200 cm 2 /g Blaine fineness was found to be 19% lower than CEM I at 2 days curing, but this reduction was only 6% after 90 days curing.
The fineness of cement is a major factor influencing its rate of hydration, since the hydration reaction occurs at the interface with water (Hewlett 1998). Greater cement fineness increases the rate at which cement hydrates and thus accelerates strength development.
The effects of greater fineness on mortar strength are manifested principally at the early ages. Based on the results presented in (Table 3) , prolonged grinding of the scoria-based blended cements from 2400 to 5100 cm 2 /g Blaine fineness increased the compressive strength by144 %, 143% and 146% at 2 days curing and by 72 %, 77% and 76% at 7days curing but only by 37%, 40% and 40% at 90 days curing for C2/25%, C3/30% and C4/35%, respectively. This could be explained by the effect of grinding which breaks the vitreous body and increases their surface area, resulting in higher activity (Chen, 2007) . In addition, according to Shi (2001) prolonged grinding decreases the particle size and increases dissolution rate and solubility of natural pozzolan, which will accelerate pozzolanic reaction rate and strength development of mortar containing natural pozzolan. Further, when clinker and natural pozzolans are inter-ground, the finer portion of the blended cement is mostly ground natural pozzolan whereas the coarse portion is mostly ground clinker (Binici et al., 2007) . This could be confirmed by the high porosity of the studied volcanic scoria which may be an advantage for easy and economical crushing (Kelling et al. 2000) .
Strong correlation coefficients of more than 0.9 were obtained if a straight line is fitted to the experimental data, as illustrated in Fig. 4-7 . As shown in Fig. 4-7 there is a linear increase in strength as the Blaine fineness increases irrespective of the curing time. It is clearly seen in Fig 4-7 that all blend-
Fig. 4
Correlation between compressive strength of CEM I mortar and Blaine fineness of cement at different curing times
Fig. 5
Correlation between compressive strength of C2/25% mortar and Blaine fineness of cement at different curing times
Fig. 6
Correlation between compressive strength of C3/30% mortar and Blaine fineness of cement at different curing times The fineness of cement is a major factor influencing its rate of hydration, since the hydration reaction occurs at the interface with water (Hewlett 1998). Greater cement fineness increases the rate at which cement hydrates and thus accelerates strength development. The effects of greater fineness on mortar strength are manifested principally at the early ages. Based on the results presented in (Table 3) , prolonged grinding of the scoria-based blended cements from 2400 to 5100 cm 2 /g Blaine fineness increased the compressive strength by144 %, 143% and 146% at 2 days curing and by 72 %, 77% and 76% at 7days curing but only by 37%, 40% and 40% at 90 days curing for C2/25%, C3/30% and C4/35%, respectively. This could be explained by the effect of grinding which breaks the vitreous body and increases their surface area, resulting in higher activity (Chen, 2007) . In addition, according to Shi (2001) prolonged grinding decreases the particle size and increases dissolution rate and solubility of natural pozzolan, which will accelerate pozzolanic reaction rate and strength development of mortar containing natural pozzolan. Further, when clinker and natural pozzolans are interground, the finer portion of the blended cement is mostly ground natural pozzolan whereas the coarse portion is mostly ground clinker (Binici et al., 2007) . This could be confirmed by the high porosity of the studied volcanic scoria which may be an advantage for easy and economical crushing (Kelling et al. 2000) . Strong correlation coefficients of more than 0.9 were obtained if a straight line is fitted to the experimental data, as illustrated in Fig. 4 -7. As shown in Fig. 4-7 there is a linear increase in strength as the Blaine fineness increases irrespective of the curing time. It is clearly seen in Fig 4-7 with the increase in curing time. Further, it is worth noting that the significant gain in strength in blended cement mortars occurred when moving from 28 to 90 days curing times while in CEM I specimens this was noted during the first 28 days. This could be explained by the slow pozzolanic reaction and its progress with age in blended cement mortars. In addition, it is evidently seen that moving from 3200 cm 2 /g (which is a customary value in cement production) to 4200 cm 2 /g Blaine fineness had a very obvious influence on the results, whereas this influence was less marked when the Blaine fineness increased from 4200 to 5100 cm 2 /g. Strong correlation coefficients of more than 0.9 were obtained if a straight line is fitted to the experimental data, as illustrated in Fig. 4 -7. As shown in Fig. 4-7 there is a linear increase in strength as the Blaine fineness increases irrespective of the curing time. It is clearly seen in Fig 4-7 that all blended cement mortars exhibited steeper slops with the increase in curing time. Further, it is worth noting that the significant gain in strength in blended cement mortars occurred when moving from 28 to 90 days curing times while in CEM I specimens this was noted during the first 28 days. This could be explained by the slow pozzolanic reaction and its progress with age in blended cement mortars. In addition, it is evidently seen that moving from 3200 cm 2 /g (which is a customary value in cement production) to 4200 cm 2 /g Blaine fineness had a very obvious influence on the results, whereas this influence was less marked when the Blaine fineness increased from 4200 to 5100 cm 2 /g. 
Flexural tensile strength
Results of flexural tensile strength of the prisms prepared from the produced mortars and cured in water until the test dates are arranged in (Table 4) . The values given in the table show the average of flexural tensile strength for 3 samples. A similar trend to that observed for compressive strength seems to be followed by the flexural strength results. However, the results show that flexural strength is less sensitive than the compressive strength to the binder' Blaine fineness.
Correlation between compressive and flexural strength
The relationship between the compressive strength (fc) and flexural strength (ft) is given in (Fig. 8 ) and seems to fit well with the relation proposed by ACI 363R (1992) . ed cement mortars exhibited steeper slops with the increase in curing time. Further, it is worth noting that the significant gain in strength in blended cement mortars occurred when moving from 28 to 90 days curing times while in CEM I specimens this was noted during the first 28 days. This could be explained by the slow pozzolanic reaction and its progress with age in blended cement mortars. In addition, it is evidently seen that moving from 3200 cm 2 /g (which is a customary value in cement production) to 4200 cm 2 /g Blaine fineness had a very obvious influence on the results, whereas this influence was less marked when the Blaine fineness increased from 4200 to 5100 cm 2 /g. 
Flexural tensile strength
Results of flexural tensile strength of the prisms prepared from the produced mortars and cured in water until the test dates are arranged in (Table 4) . The values given in the table show the average of flexural tensile strength for 3 samples. A similar trend to that observed for compressive strength seems to be followed by the flexural strength results. However, the results show that flexural strength is less sensitive than the compressive strength to the binder' Blaine fineness. The relationship between the compressive strength (f c ) and flexural strength (f t ) is given in (Fig. 8 ) and seems to fit well with the relation proposed by ACI 363R (1992).
The correlation between the flexural strength and the compressive strength results were calculated for the entire population of test results and hence the relation obtained is:
With a correlation factor of 0.92. So, knowing the compressive strength f c of mortar the flexural strength f t can be predicted by using Eq. (3).
Fig. 8
Correlation between flexural and compressive strengths of the investigated mortars Fig. 8. Fig. 4-7 illustrate the dependence of the compressive strength on the Blaine fineness of the cements used. Based on curve fitting by the least square method, the relationships agreed well with linear functions (Fig. 4-7) . As shown in Fig. 4 -7 the mortar strength increases linearly with the increase in Blaine fineness for all curing times. According to the test results, the mechanical strengths of mortars containing volcanic scoria-based cements seem to have a close relationship with the binder' Blaine fineness. So, the compressive and flexural strengths of CEM II/B-P-based mortars at a given curing time can be predicted from a knowledge of the Blaine fineness. The general correlation formulas between each compressive strength and flexural strength and Blaine fineness can be expressed as follows:
Correlation between mechanical strengths and Blaine fineness
fc; ft=(a×lnt+b)×BF+c×lnt+d (4) Where fc, ft are compressive and flexural strength of mortars in (MPa), respectively; t is the curing time in (days); BF is the Blaine fineness of the produced cement (cm 2 /g) and a, b, c and d are constants. Table 5 presents the constants (a, b, c and d) with regression coefficients of the correlation between the experimental data and the proposed equation. However, it should be emphasized that additional factors including the type of natural pozzolan, composition and strength of clinker may also be effective on the mechanical properties of mortar. Further, it is worth noting that an increase of about 5 MPa can be expected for every 1000 cm 2 /g increase in Blaine fineness for CEM II/B-P-based mortars at all curing times.
Conclusion
Based on the experimental results, the following conclusions could be drawn: -It can be said that the volcanic scoria deposits located in the studied site is a perfect potential for the cement industry. Volcanic scoria had more than of major chemical components, SiO2 + Al2O3 + Fe2O3, conforming to the chemical requirements of the ASTM and EN standards. In addition, the experimental results presented in this paper showed the physical characteristics of the cement containing scoria are in conformity with the standards requirements and that the strength of scoria-based cements is lower than the plain Portland cement at early ages, but can reach the same order of strength at longer ages. Based on curve fitting by the least square method, the relationships agreed well with linear functions (Fig. 4-7) . As shown in Fig. 4 -7 the mortar strength increases linearly with the increase in Blaine fineness for all curing times. According to the test results, the mechanical strengths of mortars containing volcanic scoria-based cements seem to have a close relationship with the binder' Blaine fineness. So, the compressive and flexural strengths of CEM II/B-P-based mortars at a given curing time can be predicted from a knowledge of the Blaine fineness.
The general correlation formulas between each compressive strength and flexural strength and Blaine fineness can be expressed as follows: (4) f c ; f t =(a×lnt+b)×BF+c×lnt+d Table 5 presents the constants (a, b, c and d) with regression coefficients of the correlation between the experimental data and the proposed equation. However, it should be emphasized that additional factors including the type of natural pozzolan, composition and strength of clinker may also be efWhere f c , f t are compressive and flexural strength of mortars in (MPa), respectively; t is the curing time in (days); BF is the Blaine fineness of the produced cement (cm 2 /g) and a, b, c and d are constants. 
